Metabolites such as diaminopimelate and some aromatic derivatives, not synthesized in mammalian cells, are essential for growth of bacteria. As a first step towards the design of a new human live vaccine that uses attenuated strains of Leptospira interrogans, the md, uroD and h p D genes, encoding aspartate P-semialdehyde dehydrogenase, 3-dehydroquinase and tetrahydrodipicolinate N-succinyltransferase, respectively, were cloned by complementation of Escherichia coli mutants. The complete nucleotide sequence of the md gene was determined and found to contain an open reading frame capable of encoding a protein of 349 amino acids with a calculated M, of 38007. Comparison of this deduced L. interrogans aspartate P-semialdehyde dehydrogenase amino acid sequence with those of the same enzyme from Succharomyces cereuisiue and Corynekterium glutmicum revealed 46% and 36% identity, respectively. By contrast, the identity between the L. interrogans enzyme and the Streptococcus mutans or E coli enzymes was less than 31%. Highly conserved sequences within aspartate semialdehyde dehydrogenase from the five organisms were observed at the amino and carboxyl termini, and around the cysteine of the active site.
Introduction
Leptospirosis, the disease resulting from infection with LRptospira interrogans, is one of the most widespread of the zoonoses. The major reservoirs for the pathogenic leptospires are rodents and domestic animals. The human vaccine, used in France, is composed of bacteria (L. interrogans serovar icterohaemorrhagiae strain Verdun) that have been killed by formalin. An alternative would be to use a live vaccine based on attenuated organisms that are auxotrophic for metabolites not available in mammalian cells, such as aromatic amino acids or diaminopimelic acid (DAP). The genus Leptospira is an exception among the spirochaetes since DAP is found in its peptidoglycan while ornithine is found in the genera Spirochaeta, Borrelia and Treponema (Johnson, 1977) . These flexible, helically shaped bacteria are very heterogeneous in regard to other characteristics. The nucleotide sequence data reported in this paper have been submitted to GenBank and have been assigned the accession number M77500.
Leptospires are aerobic and have simple nutritional requirements. The only necessary organic compounds are vitamins B I Z and B1 and long-chain fatty acids, which serve as the obligate carbon and energy sources (Johnson, 1977) .
The biosynthetic pathways for amino acids known for bacteria are used in leptospires except for isoleucine, which is not exclusively derived from threonine (Charon et al., 1974) . Studies on the organization and regulation of the amino acid biosynthetic genes in LRptospira are still in their infancy. Three biosynthetic genes (argE, trpG and trpE) from the non-pathogenic species L. b@exa were cloned by complementation of the corresponding Escherichia coli mutants and then sequenced (Zuerner & Charon, 1988; Yelton & Charon, 1984; Yelton & Cohen, 1986) . The proA, proB and leuB genes from the pathogenic species L. interrogans were cloned by Richaud et al., 1990; the organization of the leu genes seems to differ from that in E. coli. The trpE gene from Spirochaeta aurantia, which also belongs to the order Spirochetales, has also been cloned (Brahamsha & Greenberg, 1987) .
Our strategy to obtain mutations in pathways leading to the biosynthesis of DAP and aromatic compounds in L. interrogans consists of cloning the biosynthetic genes Sequencing strategy for the asd gene. The 0.7 kb EcoRI fragment from pAIL8 and the 2.7 kb EcoRI fragment from pAIL4 (see Fig. 1 c) were cloned in both orientations into EcoRI-digested pTZl8R. A sequential series of overlapping deletions of the asd gene were obtained using an IBI Cyclone kit as described by Sambrook et al. (1989) . The overlap of the internal EcoRI site was confirmed by sequencing the first 200 nucleotides of the 3 kb BamHI-Hind111 fragment originating from pAIL4. The nucleotide sequence from the whole Poul-SmaI insert from pAIL8 was determined by the dideoxy chain-termination method (Sanger et al., 1977 ) using a BRL sequencing kit. The sequencing vector pTZl8R and helper phage M 1 3K07 were purchased from Pharmacia. Acrylamide was purchased from BDH, urea from Schwartz, and [ I X -~~S I~A T P (14.8 TBq mmol-I) from Amersham. All other chemicals were analytical grade or purer.
Results and Discussion
Cloning of L. interrogans genes able to complement E. coli aroD, dapD and asd mutants
Complementation of E. coli mutants was used to isolate molecular clones of L. interrogans genes encoding enzymes of the DAP and aromatic pathways.
With the aroD E. colistrain GMS343 (Novel & Novel, 1973) as recipient, 10 out of 40000 Apr transformants were Aro+ (able to grow without aromatic acid supplements). Analysis of the plasmid DNA (pADL1) of five of these clones by agarose gel electrophoresis after BamHI digestion ( Fig. 1 a) indicated the same orientation of the 9.5 kb BamHI insert. Further subcloning and gene inactivation experiments allowed us to locate the aroD gene more precisely (see Fig. la) . Other E. coli aroD mutants (AB1360 and AB2848) (Pittard & Wallace, 1966) are complemented by pADL 1, suggesting that the cloned gene is most likely the structural gene of the 3-dehydroquinase, the third step of the aromatic pathway.
With the dapD E. coli strain GT2003 as recipient, 17 out of 17000 Apr transformants were Dap+ (able to grow on LB medium without DAP). The plasmid DNA of nine of these clones was analysed by agarose gel electrophoresis after BamHI digestion. Six contained pDDL1 (Fig.  16 ) and the other three contained the same 9 kb BamHI insert in the other orientation (pDDL2). Subcloning of pDDL1, first by PstI digestion and religation to yield pDDLl1 ( Fig. 1 b) , then by BglII digestion of pDDL11 and religation, gave pDDL12, which was also able to complement the dapD mutation in GT2003. The plasmid pDDLl2 also complemented another dapD mutant, RDD32, which carries a Mucts insertion in the E. coli dapD gene (Richaud et al., 1984) . The L. interrogans DNA in pDDL12 is most likely the structural gene of tetrahydrodipicolinate N-succinyltransferase.
With the asd E. coli strain GT2000 as recipient, 5 out of 10000 Apr transformants were able to grow on LB not supplemented with DAP. Each of these five carried a plasmid (pAIL1, see Fig. lc ) with a 19 kb insert that contained an internal BamHI site. Efficient complementation of an E. coli strain deleted for asd (G6MD3) by PAIL1 confirmed the presence of the asd structural gene on this plasmid. The asd complementing activity was still carried by a 1.8 kb SmaI-PvuI insert (plasmid pAIL8, see Hybridization analysis according to Southern (1 975) was used to demonstrate that the DNA inserts of the Asd+, Dap+ and Aro+ recombinant plasmids originated from L. interrogans. The sizes of the BamHI fragments which hybridized with L. interrogans chromosomal DNA were the same as those originating from the inserts (data not shown). The results thus indicate that no rearrangement had occurred in the dapD, aroD or asd cloning experiments. Cloning of three L. interrogans genes involved in amino acid biosynthesis was thus possible by complementation of E. coli mutants. Characterization of one of them, the asd gene, was pursued further.
Nucleotide sequence of the L. interrogans asd gene and JIanking regions
The sequence of the 1-8 kb SmaI-PvuI fragment from pAIL8 which complemented an asd E. coli mutant was determined on both strands and is presented in Fig. 2 . Two large open reading frames (ORFs) were identified on one DNA strand. The first, ORFl, is located between nucleotides 1 and 392. The second, ORF2, later identified as asd, extends from nucleotide 393 to nucleotide 1493.
Codon usage for L. interrogans ORFl and ORF2 is quite similar to that for the trpE and trpG genes from the saprophytic Leptospira bifiexa (Yelton & Peng, 1989) and for the sphingomyelinase gene from the pathogenic L. interrogans (Segers et al., 1990) . The codon usage of L. interrogans is highly influenced by the low G + C content (34-39molX) of its genome. A or T is the preferred nucleotide in the wobble position, except for Thr and Arg, where G is preferred, and Ala, where all four nucleotides are equally present. ORF 1 is obviously incomplete since it does not contain an ATG or a GTG start codon. Comparison of the translated product of the 392-nucleotide ORFl with the contents of the EMBL data bank did not show any significant homology with other known proteins. However, ORF l could be the 3' end of a gene translated in the same direction as ORF2 and could form a potential operon with ORF2. The promoter of the operon would not be present on the SmaI-PvuI insert from pAIL8.
Comparison of Asd from L. interrogans, Corynebacterium glutamicum, Saccharomyces cereuisiae, Streptococcus mutans and E. coli
Comparison of the translated product of ORF2 with the contents of the EMBL data bank showed significant 
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Strep. rnutans and 25% with that from E. coli. The Strep. rnutans and C. glutamicurn enzymes share 40% of their amino acid residues but those of Sacch. cerevisiae and Strep. rnutans share only 32%. The polypeptide from E. coli is less similar to any of the other four (21 to 26% identity). Extensive homology between the whole Asd sequences from the five organisms provided unequivocal evidence that the genes derive from a common ancestor. There are five regions of close similarity between the five proteins : residues 10-1 6, 147-1 48, 1 75-1 8 1,232-235 and 308-311 (numbering refers to the L. interroguns protein, see Fig. 3 ). The choice of the methionine initiator codon for L. interrogans asd at position 444 (Fig.  2) seems reasonable given the similarity at the N-terminus of the five sequences and is in agreement with the determined N-terminus of the E. coli aspartate semialdehyde dehydrogenase (Haziza et al., 1982) . No likely candidate ribosome-binding site (Shine & Dalgarno, 1974) complementary to the 3' end of the L. interroguns 16s rRNA (Fukunaga et a/., 1990) could be found by analysis of the DNA sequence immediately upstream from the predicted ATG translational start codon of usd. The L. interrogans asd gene encodes a polypeptide of 349 amino acid residues with an M , of 38007, in good agreement with the estimated sizes of the other four Asd polypeptides.
The high degree of conservation of the amino acid sequences observed for several segments of these proteins probably reflects structural and functional requirements. In particular, the active site for the E. coli aspartate P-semialdehyde dehydrogenase has been identified as the amino acid sequence Phe-Val-Gly-Gly-AsnCys-Thr-Val-Ser (Biellmann et al., 1980; Haziza et al., 1982) between amino acid residues 130 and 138. The predicted amino acid sequence for the L. interrogans aspartate P-semialdehyde dehydrogenase contains a cysteine residue in the same position, with the Asn-Cys sequence that is present in the other four enzymes (see arrow in Fig. 3) .
Expression of the asd gene
The asd gene of L. interrogans is expressed at a low level in whole E. coli cells since growth is possible in LB medium without DAP but enhanced when DAP is added. Confirmation of this low activity was given by the assay of aspartate semialdehyde dehydrogenase from crude extracts of E. coli cells (asd: :Km) carrying the recombinant plasmid pAILl. The resulting activity was not enhanced compared to the activity from prototrophic E. coli cells expressing a single chromosomal copy of asd (data not shown). Similarly low expression is observed for the L. interrogans proA, proB and leuB genes previously cloned, which are not expressed detectably in minicells (Richaud et al., 1990) . The low expression of L. interrogans genes in E. coli could be due to translation problems (absence of canonical ribosome-binding site) and different codon usage.
The synthesis of Asd in E. coli is independently repressed by methionine, threonine and lysine, although derepression is greatest upon lysine limitation (Haziza et al., 1982) . Attenuator-like regions have been found upstream of the asd gene of Strep. mutans (Cardineau & Curtiss, 1987) . The corresponding gene (HOM2) from Sacch. cerevisiae is regulated by the general control of amino acid synthesis. Upon initial inspection, the sequence upstream of the L. interrogans asd structural gene does not resemble the reported arrangement of attenuation signals in amino acid biosynthetic operons in Gram-negative bacteria (Kolter & Yanofsky, 1982) . This is consistent with the fact that no such signals have been found for the biosynthetic genes from L. bifrexa that have been sequenced (Yelton & Peng, 1989) .
